W C, the maximum uptake (q e ) was noted to be 920.9 mg/g. The experimental equilibrium adsorption data were fitted well to the Langmuir isotherm model (R 2 ¼ 0.9949). Kinetic studies revealed that adsorption followed pseudosecond order. It was found that PSD is suitable for reuse four times in successive adsorptiondesorption cycles with loss of 25.2% in adsorption capacity.
INTRODUCTION
Synthetic dyestuffs have been extensively utilized in many industries including textiles, papers, cottons, wool, leather, and cosmetic products (Roosta et al. ) . Over 7 × 10 5 tonnes of 10,000 different commercial dyes and pigments are produced annually worldwide with approximately 17,000 tonnes entering industrial wastewaters (Chowdhury et al. ) . The discharge of dye containing effluents into natural water bodies not only can pose hazardous effects on living systems because of the carcinogenic, mutagenic, allergenic, and toxic nature of dyes, but also cause impeding light penetration and inhibiting the growth of biota (Mittal et al. ) . The complex aromatic structure of synthetic dyes is resistant to light, biological activity, ozone, and other degradative environmental conditions. Hence, the treatment of dye contaminated effluents with cost-effective and efficient methods is of high scientific and public interest (Wang et al. ) . In Iran, Populus deltoides is one of the largest hardwood and fastest growing trees which is widely used in woodcrafts and carpentry. In the present study, the effects of four important process parameters, including pH, adsorbent dosage, initial MG dye concentration, and temperature on MG sorption by poplar (P. deltoides) sawdust (PSD) as a low-cost, locally available, and eco-friendly adsorbent were studied using three-level Box-Behnken design (BBD) which provided a mathematical model showing the influence of each variable and their interactions. The aim of this work was also to study the sorption kinetics and equilibrium employing different models.
MATERIALS AND METHODS

Materials and chemicals
MG oxalate, a basic green dye (MG; C 52 H 54 N 4 O 12 , MW ¼ 927.00 g/mole) was purchase from Merck. The PSD was collected from a local sawmill. It was washed several times with distilled water to remove dust-like and soluble impurities. It was then oven dried at 70 W C for 24 h to constant weight. The dried sample was crushed, sieved to obtain a particle size of 0.5 mm, and stored in glass bottles for later use.
Batch adsorption procedure
Batch experiments were conducted in continuously stirred onto adsorbent at the time of equilibrium (q e ) were calculated using Equations (1) and (2), respectively (Jain et al.
where C 0 and C e (mg/L) are the liquid-phase concentrations of dye at initial and equilibrium, respectively. V (L) is the volume of the solution and W (g) is the mass of dry adsorbent used. The pH was adjusted by adding a few drops of diluted 0.1 N, NaOH or 0.1 N, HCl and was measured by using a pH meter. Each experiment was repeated at least three times to observe the reproducibility. developing response surface models, and ultimately optimizing the process variables to achieve maximum response (Mourabet et al. ; Akar et al. ) . In this case, the BBD which consists of four factors, each at three levels (three levels, four factorial) was applied to evaluate optimum process conditions and the individual and combined effects of the independent test variables on the response (adsorption capacity).
A second-degree polynomial equation approximated for evaluating the effect of each independent variable on the response is as follows (Akar et al. ) :
where Y is the process response or output (dependent variable), k is the number of the patterns, i and j are the index numbers for pattern, β 0 is the free or offset term called intercept term, x 1 , x 2 , … , x k are the coded independent variables, β i is the first-order (linear) main effect, β ii is the quadratic (squared) effect, β ij is the interaction effect, and ε is the random error or allows for discrepancies or uncertainties between predicted and measured values. In developing Equation (3), the natural (uncoded) independent variables (X 1 , X 2 , … , X k ) are coded according to the following transformation (Michaux et al. ):
where x i is the dimensionless coded value of the ith independent variable, X i is the uncoded value of the ith independent variable, X 0 is the uncoded ith independent variable at the center point, and ΔX i is the step change value.
For this study, the effects of initial pH of solution (pH:
3-7), initial dye concentration (C 0 : 50-300 mg/L), adsorbent dose (D: 0.2-2 g/L), and temperature (T: 23-50 W C), that predominantly affected the extent of adsorption by PSD were identified as the independent test variables design of the experiment (as X 1 , X 2 , X 3 , and X 4 , respectively). The low, middle, and high levels of each variable were designated as À1, 0, and þ1, respectively. The experimental range and levels of independent variables are presented in Table 1 .
The central values chosen for the experimental design The results were assessed with various descriptive statistics such as t-ratio, p-value, F-value, degrees of freedom (df), Step change values. Table 2 | BBD matrix with four independent variables (expressed coded) and two response (q e ± SD and R% ± SD)
Adsorption efficiency (Table 2 ).
In the present study, Box-Cox plot was used to check the value of lambda (λ) which was generally used to predict any necessary transformation of the experimental value in order to enhance the model significance. A natural log transformation (ln) was used based on the lambda value of 0 as obtained from the plot (Figure 2 ). The plot showed the minimum lambda values, as well as lambdas at the 95% confidence range.
By applying multiple regression analysis on the design matrix and the responses (q e ), the following second-order polynomial equation in terms of coded factors was established to explain the removal efficiency:
where Y is the ln(q e ), x 1 , x 2 , x 3 , and x 4 are the coded terms for four independent test variables, pH, C 0 , D, and T, respectively.
ANOVA for ln (natural log) transformed response surface quadratic model was conducted to test the significance of the fit of the second-order polynomial equation for the experimental data as given in Table 3 .
The results of ANOVA for response surface quadratic model for the prediction of MG removal efficiency (Table 3) confirmed that the quadratic model was highly significant according to To assess calibration of probability predictions and check for bias, predicted, and observed responses were compared (Table 4) . The low value of residuals (difference between predicted and observed responses) showed the accuracy of the predictive model. The normal % probability and studentized Table 2 , the removal percentage (R%) decreased from 98.6 to about 82.7% with increasing dye concentration from 50 to 300 mg/L, while the PSD dosage and temperature were set at 1.1 g/L and 36.5 W C, respectively. It could be explained by the fact that the adsorbent has a limited number of active sites, which become saturated at a certain concentration. From this 3D plot, a maximal adsorption capacity of 245 mg/g was achieved at an initial solution pH of 7.0 and dye concentration of 300 mg/L, while the PSD dosage and temperature were set at the middle value.
It is evident from Figure 5 (b) that both the independent variables of initial solution pH and PSD dosage had a strong influence on the dye sorption capacity. From this plot, the adsorption capacity (q e ) decreases with an increase in PSD dosage. Figure 5 (c) shows the interaction between pH and However, the results (Table 3) showed that the firstorder main effects of the four studied factors were more significant than their respective quadratic effects, but for Equations (6)- (8) and the results shown in Figure 6 .
As seen in Figure 6 , the PSD dosage (x 3 ) showed the highest level of significance with a contribution of 54.91%
as compared to other components. Thus, the adsorption capacity was found to be strongly dependent on adsorbent dosage. In addition, the TPC of first-order terms (TPC i ) demonstrated the highest level of significance with a total contribution of 89.78% as compared to other TPC values.
This was followed by the quadratic terms (TPC ii ) and interaction terms (TPC ij ) with a total contribution of 9.35 and 0.82%, respectively. Therefore, the interaction components had no effective influence on prediction of the MG adsorption efficiency.
Equilibrium and kinetic studies
To examine the relationship between sorbate and sorbent at equilibrium, the Langmuir (Equation (9)), Freundlich (Equation (10)), Redlich-Peterson (Equation (11)), and
Fritz-Schlunder (Equation (12)) isotherm models (Kumar et al. ) were employed for fitting the equilibrium data and the results are shown in Figure 7 .
where q e and q max are the equilibrium and maximum MG loaded by the PSD (mg/g), respectively, C e is the equilibrium MG concentration in the solution (mg/L). b is the constant that refers to the bonding energy of adsorption (1/g). K f is the constant related to the adsorption capacity of the adsorbent, and n is the empirical constant related to the intensity of adsorption.
, and m are the constants in the Redlich-Peterson isotherm model. The values of all constants and the non-linear regression correlation coefficients (R 2 ) for studied isotherm models are summarized in Table 5 . Based on the standard error function and R 2 values (Table 5 ), the applicability of the isotherms was compared. Between the two studied isotherms, it could be concluded that the adsorption of MG onto PSD best fitted to the Langmuir due to a high correlation coefficient value of 0.995 thereby suggesting that adsorption of MG onto PSD was monolayer applicable to homogeneous surfaces. A steep initial slope of the sorption isotherm indicated a high affinity of the adsorbent for the sorbate. The decrease in the slope value could be attributed to the unavailability of vacant sites. To predict the favorability of adsorption system, R L , a dimensionless separation factor was calculated by Equation (13):
where b is the Langmuir constant (l/g) and C 0 is the initial Table 5 , i.e., 0 < R L < 1.
It revealed that the adsorption of MG onto PSD was favorable.
The kinetic of adsorption was studied by collecting samples from the flasks at predetermined time intervals for analyzing the residual dye concentration in the solution. It was seen that the adsorption of MG increased with a rise in contact time up to 90 min. Further increase in contact time did not enhance the adsorption. Among kinetic models which were exploited to test the experimental data, the nonlinear forms of pseudo-first-order and pseudo-second-order kinetic models (Equations (14) and (15), respectively) were applied to experimental kinetic data (Figure 8(a) ) in order to investigate the behavior of MG adsorption onto PSD.
where q e and q t are the adsorbed MG in mg/g on the PSD at equilibrium and time t, respectively, k 1 is the constant of first- 
where k id (mg/g min 0.5 ) is the intraparticle diffusion rate constant and C the y-intercept. 
Recovery experiment
The regenerability of adsorbent is one of the criterion characteristics of sorbent that make the treatment process more economical, particularly for industrial practice.
Hence, the regenerability of PSD was evaluated by collecting sorbent after adsorption experiments at optimum condition and recovery by acetone as eluent. The PSD was reused for four successive cycles to determine its reusability.
The dye recovery was calculated by the following equation
Dye recovery ¼ Amount of dye desorbed Amount of dye adsorbed × 100
The results of recovery experiments are summarized in Table 6 . The adsorption capacity of the PSD after two, three, and four cycles indicated a loss in the adsorption capacity of 5.5, 11.8, and 25.2% for MG, indicating an approximately good regeneration capacity of the adsorbent.
Comparison of PSD with other sorbents
A comparison of the PSD capacity for MG removal with that of other similar available agricultural wastes and sawdust is summarized in Table 7 . The comparison shows that PSD has a really higher adsorption capacity of MG than many of the other reported adsorbents. A maximum adsorption capacity of 4. 354, 20.26, 62.71, 101.31, 117.647, 196.08, 267, and 280.3 showed that the total effect of first-order terms of the independent variables was significantly justified by a contribution of 89.78% as compared to quadratic terms and interaction terms indicating that the selected variables had a direct relationship on the MG removal efficiency. The PSD dosage was found to be most significant component of the quadratic model (PC ¼ 54.91%). Experimental equilibrium data provided the best fit with the Langmuir isotherm model, indicating monolayer sorption on a homogenous surface. The adsorption kinetics followed the pseudo-secondorder kinetic model. However, the sorption process of MG onto PSD consists of three stages, suggesting that the intraparticle diffusion might not be the only rate-limiting step for the whole reaction. The PSD was reused for four successive cycles with a loss in the adsorption capacity of 25.2% after four adsorption-desorption cycles. The absorption capacity of PSD for MG removal was generally higher than the previously reported values. Hence, the PSD waste material seems to be a feasible and affordable option for dye removal because of its eco-friendly traits, availability in abundance, low cost and, in addition, its high sorption capacity.
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